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a b s t r a c t

Groundwater flow has the potential to introduce arsenic (As) in previously uncontaminated aquifers. The
extent to which As transport is retarded by adsorption is particularly relevant in Bangladesh where low-
As wells offer the best chance of reducing chronic exposure to As of a large rural population dependent
on groundwater. In this study, column experiments were conducted with intact cores in the field to
measure As retardation. Freshly collected cores of reduced iron (Fe-II) dominated gray sediment of
Holocene age as well as oxidized Fe (III)-coated orange sediment of Pleistocene age were eluted at pore-
water velocities of 40e230 cm/day with anoxic groundwater pumped directly from a well and containing
320 mg/L As. Up to 100 mg/L As was immediately released from gray sand but the main As breakthrough
for both gray and orange sand occurred between 30 and 70 pore volumes, depending on flow rate. The
early release of As from gray sand is attributed to the presence of a weakly bound pool of As. The sorption
of As was kinetically limited in both gray and orange sand columns. We used a reversible multi-reaction
transport model to simulate As breakthrough curves while keeping the model parameters as constant as
possible. Contrary to the notion that dissolved As is sorbed more strongly to orange sands, we show that
As was similarly retarded in both gray and orange sands in the field.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Millions of people in South and Southeast Asia drink ground-
water pumped from low-As (<10 mg/L) alluvial aquifers, typically
composed of oxidized, Fe(III) oxide coated orange sediment of
Pleistocene age (DPHE/BGS, 2001; Ravenscroft et al., 2009; Fendorf
et al., 2010). These aquifers are often in close proximity to high-As,
anoxic Holocene aquifers composed of gray sediment, often con-
taining naturally elevated levels of As (>100 mg/L) released by the
bservatory of Columbia Uni-

ozumder@gradientcorp.com
microbial reduction of iron(oxy)hydroxides (Bhattacharya et al.,
1997; Nickson et al., 1998; DPHE/BGS, 2001; Berg et al., 2001;
Ahmed et al., 2004). Low-As aquifers can be contaminated by flow
from high-As aquifers, but migration of As is affected by sorption to
sediments during groundwater flow (Ravenscroft et al., 2009).
Understanding the partitioning of As between groundwater and
aquifer sediment that contain a sizeable pool (<1e5 mg/kg) of
adsorbed As (Zheng et al., 2005; van Geen et al., 2008) is, therefore,
important to predict the vulnerability of low-As aquifers.

The partitioning of As between the solid and aqueous phase is
often described using an empirical partition coefficient KD, the ratio
of the As concentration in the solid phase divided by the As con-
centration in the dissolved phase. This approximation is useful to
describe transport under near-equilibrium and stable conditions
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(Baes and Sharp, 1983). KD estimates are affected by groundwater
pH, competing oxyanions such as phosphate, bicarbonate, and sil-
icate, the oxidation state of As, and sediment mineralogy (Smedley
and Kinniburgh, 2002; Dixit and Hering, 2003; Thi Hoa Mai et al.,
2014). The equilibrium assumption is less appropriate when
groundwater flow is accelerated, for example, by pumping for
irrigation or the municipal supply of large cities (Michael and Voss,
2008; Knappett et al., 2016; Khan et al., 2016; Mozumder et al.,
2020; Mihajlov et al., 2020). Indeed, recent laboratory and field
studies have suggested that As transport is a non-equilibrium or
rate-limited process (Darland and Inskeep, 1997; Zhang and Selim,
2005, 2008; Selim, 2014). Despite these limitations, a KD can still be
useful to predict As transport in aquifers where groundwater ve-
locities are relatively well constrained by field measurements of
environmental tracers/isotopes in groundwater (Mozumder et al.,
2020).

In gray Holocene sediment, As is thought to be efficiently
transported because few sorption sites are available for As (Harvey
et al., 2002; Swartz et al., 2004). However, laboratory and field
experiments suggest adsorption can still occur in gray sand aquifers
(DPHE/BGS, 2001; Harvey et al., 2002; Swartz et al., 2004; van Geen
et al., 2008; Itai et al., 2010; Jung et al., 2012; Thi Hoa Mai et al.,
2014; Radloff et al., 2015). The wide range of KD values of
0.15e46 L/kg derived from these experiments corresponds to
retardation factors of 2e300, assuming an aquifer material bulk
density of 1.8 g/cm3 and a porosity of 30%. It is unclear to what
extent this reflects variations in experimental conditions (e.g.
duration of experiment), sediment properties or preservation, or
other factors such as kinetic limitations that prevent equilibrium
adsorption-desorption.

The extent of adsorption of As to orange sediments may differ
from adsorption to gray sands and thought to provide significant
protection against the intrusion of high As groundwater
(Stollenwerk et al., 2007; McArthur et al., 2011; Robinson et al.,
2011; Radloff et al., 2011; van Geen et al., 2013). Laboratory
studies conducted in batch mode generally indicate higher KD
values (20e70 L/kg; retardation of 120e420) in orange compared
to gray sands. Some of these laboratory experimentsmay have been
affected by sediment storage, repacking of sediment, and the use of
artificial groundwater that is not representative of field conditions.
Field-based studies, on the other hand, are not affected by storage
but are subject to different uncertainties such as aquifer miner-
alogy, groundwater composition, and the direction/rate of
groundwater flow. Field studies often indicate a lower KD of
1e10 L/kg for originally orange sand that, in some cases, turned
gray (Mihajlov et al., 2020) and therefore lower retardation factors
of 7e60 (McArthur et al., 2011; Radloff et al., 2011; van Geen et al.,
2013).

Here, we used a novel hybrid of field- and experimental research
to study As transport in gray and orange sediments reacted with
anaerobic groundwater under ambient conditions. The fresh sedi-
ments used are from intact cores to ensure that their sediment
microbial community, mineralogy and redox-state are unaffected
by storage. High-As, anoxic groundwater pumped directly from a
shallow well was eluted for the present study at different rates
through a series of columns containing intact, fresh gray and orange
aquifer sediment and monitored in the field under anaerobic con-
ditions. We hypothesized when designing this study that orange
sands would show greater retention than gray sands and thus more
effectively protect low-As aquifers from the intrusion of As-
containing groundwater. The need for a reliable measure of As
retention in both reduced gray- and oxidized orange-sands to
assess the long-term vulnerability and sustainability of low-As
aquifers motivated the study.
2. Material and methods

2.1. Sediment coring and column preparation

Sediment cores containing Holocene gray sand and Pleistocene
orange sand were collected in Araihazar, Bangladesh, immediately
before the experiment (Fig. 1). Intact cores were retrieved (30 cm
long,1.8 cm outer diameter) using a hammer-driven soil corer (AMS
424.45) from drilling depths between 12.2 and 18.3 m. Immediately
after retrieval, the cores were refrigerated in nitrogen-flushed
Mylar bags that were heat-sealed after adding oxygen absorbers
(IMPAK sorbent systems). Within 24 h, and inside a nitrogen-
inflated glove chamber (Glas-Col04408-38), a total of 15 undis-
turbed sediment columns (8 gray and 7 orange sediment columns),
7.5 cm in length and 1.6 cm in diameter, were prepared from the
central portion of the recovered cores using a precision tube cutter.
The inlets and outlets of the columns were enclosed with custom-
made plugs after inserting a thin layer of glass wool to prevent the
loss of fine particles. A column packed with pure sand (ACROS Or-
ganics 370942500) was prepared in parallel as a control.

2.2. Experimental setup

The gray and orange sediment columns along with a sand col-
umn containing 99.8% SiO2 (Quartz) and ~0.01% iron oxide (mesh
size: 40e100) were eluted with groundwater directly at the well-
head from a shallow well screened from 18 to 20 m, a depth where
As concentrations typically peak in the study area (Fig. S1c). The
influent groundwater from the shallow well was pumped contin-
uously at a rate of 8 L/min into a bag (50 L capacity) shaped like a
pyramid that was kept overflowing through a narrow opening at
the top to ensure a constant supply of anoxic groundwater (Fig. 2).
The storage bag was placed at a higher elevation than the columns
to ensure uninterrupted, steady flow in the event of a pump stop-
page or electricity failure. The custom-made bag (Ready Contain-
ment LLC) facilitated escape of gas bubbles that tend to cling to the
corners of a regular container. Groundwater from the storage bag
reached a manifold that divided the flow into the columns at
different rates using peristaltic pumps (Gilson Minipuls 3) and
various tubing diameters. The columns were housed in custom-
made anoxic chambers (modified Becton-Dickinson#260672)
with pouches that consume oxygen (Becton-Dickinson#260678)
and anaerobic indicator strips (Becton-Dickinson#271051). The
columns were placed inside the chamber in their natural orienta-
tion, with the groundwater entering the top of each column (Fig. 2),
and with sufficient backpressure to prevent gravity flow and
degassing.

Of the experiments performed, a total of 10 sediment columns
(6 gray and 4 orange sand columns) were successfully completed,
and 5 were compromised due to repeated flow interruption. We
focus here on the 10 successful columns. Most of the columns
(n ¼ 8) were eluted either at an average pore water velocity (PWV)
of 154 ± 10 cm/day or 75 ± 10 cm/day. In addition, one orange sand
column was eluted at 40 cm/day and one column of gray sand was
eluted at 230 cm/day (Table 1).

2.3. Sampling and onsite measurements

Column effluents were collected in a manually operated fraction
collector in acid leached (10% HCl) 15 ml vials every 1-3 h for the
first 10 days of the experiment, followed by every 12 h for 2 weeks.
The sample volume was documented at the time of collection.
Every other sample was acidified in the field with TraceMetal grade
HCl. Some of the remaining samples remained unacidified for anion
analysis while others were acidified later in the lab with Optima



Fig. 1. Study Area. A Google Earth map indicates the location of drilling sites in the Araihazar Upazila of central Bangladesh (inset). Also shown is the spatial distribution of As
concentrations in Araihazar based on a field-testing campaign (van Geen et al., 2014) grouped into � 10 mg/L (cyan), >10 to 50 mg/L (green), and >50 mg/L (red). Shallow orange
sediments were cored in the NW part of the area (90.6352� , 23.8542�) with a higher proportion of low As wells (<10 mg/L) tapping the Pleistocene aquifer. The gray sediments were
cored from a highly As-contaminated area in central Araihazar (90.6577�, 23.7909�).

Fig. 2. A schematic of the experimental setup. High arsenic groundwater from the shallow aquifer was pumped continuously in an overflowing bag and channeled under
controlled flow rates to elute undisturbed sediment cores housed in custom made anoxic chambers. The figure is not drawn to scale.
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grade HCl for cation analysis. After 20 days, groundwater flow into
the storage bag was interrupted and the retained water in the bag
was spiked with sodium bromide (Fisher#S255-500) at about
120 mg/L and sodium phosphate monobasic dihydrate (Fisher
#S381-500) at about 6mg/L (Fig. S2d and h). The purpose of spiking
with bromide and phosphatewas to characterize sediment porosity
and column dispersion and the effect of phosphate exchange,
respectively.

The influent groundwater was sampled daily at an outlet before
it reached the storage bag and from the bottom of the storage bag
(Fig. 2). Dissolved oxygen concentration in the influent water was
tested daily with a visual kit (Chemetrics 0e40 ppb). The input
water was also monitored daily for pH, ORP (oxidation-reduction
potential), electrical conductivity, and temperature using Oakton
probes (UX-35650-10 and UX-35634-30). A pH flow-through cell
(UX-05662-48) was used to measure pH in a subset of column ef-
fluents. Arsenic speciation cartridges were used in the field to
separate As(V) from As(III) in the influent water as well as in a



Table 1
Column transport parameters for gray and orange sediments.

Core depth Dry weight Column length Volume Bulk Density Porosity Pore volume (PV) Darcy’s flux Pore water velocity (PWV)

meter g cm cm3 g/cm3 cm3/cm3 mL cm/hr cm/day

Holocene gray sediment columns
14 27.4 7.5 15.1 1.82 0.31 4.72 3.0 230*

15.2 27.4 7.5 15.1 1.82 0.31 4.74 2.0 156*

15.4 26.2 7.5 15.1 1.74 0.34 5.18 2.0 140
15 26.6 7.0 14.1 1.89 0.29 4.03 2.0 165
17.2 28.3 7.5 15.1 1.88 0.29 4.41 0.8 66*

13.5 28.8 7.5 15.1 1.91 0.28 4.23 0.9 73
Pleistocene orange sediment columns
13.7 27.6 7.5 15.1 1.83 0.31 4.67 2.0 155*

12.8 29.2 7.8 15.7 1.86 0.30 4.66 1.0 81*

13 27.0 7.5 15.1 1.79 0.32 4.89 1.1 81
15.5 27.9 7.5 15.1 1.85 0.30 4.56 0.5 40

* Sediment columns used to model As breakthrough in Fig. 6.

Table 2
Bulk chemical properties of the gray and orange sediments.

Coring depth As (total) P-ext. As P-ext. As Ca Fe (total)

(m) (mg/kg) (mg/kg) (%) (g/kg) (%)a

Holocene gray sediment cuttings
10.7 2.4 ± 0.6 8.3 ± 0.15 1.8
12.2 e 9.6 ± 0.15 1.7
13.7 4.2 ± 0.6 5.8 ± 0.12 2.1
15.2 e 3.5 ± 0.09 0.8
16.8 2.1 ± 0.5 8.6 ± 0.14 1.2
18.2 2.4 ± 0.5 5.3 ± 0.11 1.1
18.2 e 6.5 ± 0.12 1.2
19.8 1.9 ± 0.5 0.44 23.1 7.5 ± 0.13 1.1
12.8 1b ± 1.6 0.70 70.5 6.2 ± 0.12 1.6

e 2.4 ± 0.5 0.99 41.2 8.9 ± 0.15 1.3

16.5 4.1 ± 0.6 1.68 40.9 6.1 ± 0.13 2.9
Average 3 ± 0.6 1 ± 0.5 44 ± 20 6.9 ± 0.13 1.5
Pleistocene orange sediment cuttings
12.8 e 3.4 ± 0.1 2.4
12.8 e 3.6 ± 0.11 2.4
13 3 ± 0.5 4.5 ± 0.11 2.5
13 e 5 ± 0.12 3.2
13.7 e 4.4 ± 0.12 3.8
14 2.6 ± 0.6 4.5 ± 0.11 2.1
15.5 2.1 ± 0.6 4.7 ± 0.11 3.0
12.5 2.8 ± 0.6 0.27 9.7 2.5 ± 0.09 1.9
14.6 1.8 ± 0.6 0.29 16.4 4.6 ± 0.11 2.0
15.2 2.3 ± 0.6 0.47 20.4 4.9 ± 0.12 2.8
13.5 1.8 ± 0.6 0.27 14.9 5.2 ± 0.12 2.6
Average 2 ± 0.6 0.3 ± 0.1 15 ± 4 4.4 ± 0.11 2.4

a 1% Fe ¼ 10,000 mg/kg.
b Not included for averaging because the minimum detection limit of the hand-

held XRF was assumed.
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subset of column effluents immediately after collection (Meng
et al., 2001). Samples for dissolved organic carbon (DOC) and dis-
solved inorganic carbon (DIC) were collected in 22 ml clear glass
vials (Sigma-Aldrich 27173 Supelco). The DOC samples were acid-
ified to 0.1% HCl while DIC samples were left unacidified.

2.4. Sediment analyses

2.4.1. Reflectance spectroscopy
Sediment cuttings collected while drilling were packed in

plastic Saran wrap. A Konica Minolta CM-600d spectrophotometer
was used to measure the difference in diffuse spectral reflectance
between 530 and 520 nm (Horneman et al., 2004) through the
plastic wrap soon after the samples were collected, as a proxy for
the redox state of surficial Fe oxides (Fig. S1a-b). Measurements
were made in triplicate by the spectrophotometer and recorded for
three different spots on each sample of cuttings.

2.4.2. X-ray fluorescence (XRF) and sediment phosphate extraction
The Saran-wrapped sediment cuttings were also analyzed with

a handheld X-ray fluorescence analyzer (InnovX Delta) in 3-beam
soil mode for bulk As concentration (Table 2). The internal cali-
bration of the instrument was verified by analyzing reference NIST
standards (SRM 2709, 2710, and 2711) in between samples. As a
measure of the exchangeable As content of the sediment, 1 g of
sand (n ¼ 8) immersed in 55 ml N2-flushed 1 M Na2HPO4 solution
was adjusted to a pH of 5 for 24 h (Zheng et al., 2005). The
extraction was conducted in an anaerobic chamber (Coy#120001)
and the solutions were filtered through 0.45 mm media.

2.4.3. X-ray absorption spectroscopy (XAS)
Iron (Fe) K-edge X-ray absorption spectra were collected on

pristine gray and orange sediment cuttings in fluorescence mode at
the Stanford Synchrotron Radiation Lightsource (SSRL) on beam-
lines 4e1 and 11e2. Fe spectra were collected using either 32 or
100-element Ge detectors windowed on the Fe Ka fluorescence
peak, using a 3mxMn filter. Spectrawere calibrated using a Fe metal
foil (7112.0 eV). No photooxidation or reduction was observed
during data collection.

Spectral analysis was performed as detailed in Shoenfelt et al.
(2018). Fe(II) content and mineral composition were determined
by linear combination fitting using a combination of five (of 10)
reference compounds (pyrite, siderite, goethite, hematite, magne-
tite, biotite, augite, hornblende, nontronite, ferrihydrite) that
produced the best fit. This approach is effective at identifying major
or more distinct minerals but less abundant minerals may be
omitted from fits even when present at concentrations less than
10%. Silicate minerals are often similar, so nontronite and biotite
should be regarded as trioctahedral Fe(III) and dioctahedral Fe(II)
phyllosilicates, and augite fits are representative of Fe(II/III) silicates
including hornblende. Errors in mineral composition, usually
within 5% of total Fe, are based on sensitivity analysis and fitting
quality (Newville, 2001). This method is effective for most iron
minerals, but combines ferrihydrite and nanocrystalline goethite
into a single, reactive Fe(III)oxyhydroxide group (Sun et al., 2018).
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2.5. Analyses of groundwater and sediment extracts

All acidified (1% HCl) samples collected from the input well,
storage tank, column effluents, and sediment extracts were
analyzed for P, S, Fe, Mn, As, Na, K, Ca, Mg, Ba, and Sr using high-
resolution inductively coupled plasma-mass spectrometry (HR
ICP-MS) with a detection limit of 0.1 mg/L accounting for all di-
lutions (Cheng et al., 2004). The results from the HR ICP-MS were
replicated for a subset of groundwater samples with a precision of
<5%. The accuracy and precision of the measurements were within
±10% when compared to known laboratory standards. The anions
Br�, Cl�, F� and SO4

2� were analyzed using a Dionex Integrion HPIC
System (Dionex, Thermo Scientific) with an AS-18 column, which
has detection limits of 0.05 ppm and a precision of ±5% at typical
concentrations. Sulfide concentrations were not measured but
were generally low based on the correspondence between total S
by ICPMS and sulfate measured by IC. DOC and DIC concentrations
were analyzed for input solutions with a Shimadzu Carbon
Analyzer with ±5% precision at Lamont-Doherty Earth Observatory.
2.6. Column transport parameterization

The Darcy velocity was calculated by dividing the average vol-
ume of samples by the cross-sectional area of columns (2 cm2) and
average sampling interval and ranged from 0.5 to 3 cm/h. The
average bulk density r (ranged between 1.7 and 1.9 g/cm3) of the
columns was determined from oven dried sediment weight divided
by the volume of dry sediment column (Table 1). The porosity q
(ranged between 0.29 and 0.34) was then estimated as: q ¼ 1- r/
2.65, assuming a particle density of 2.65 g/cm3. The dispersion
coefficient (D) was determined (1.5 and 3 cm2/h for slow and fast
PWV, respectively) by fitting the bromide (Br�) breakthrough curve
using the analytical solution for one-dimensional advection-
dispersion equation assuming conservative transport of Br� (i.e. a
retardation factor of 1) in the sand columns (Fig. S3).
2.7. Model formulation

We used a single-phase as well as a two-phase reversible non-
linear kinetic model (Selim, 2014) to predict the observed As
breakthrough, after modifying it to accommodate an initial
exchangeable pool of As. The central scenario is based on the two-
phase model. Because the retention and release of solute was time-
dependent under the experimental conditions, kinetic reactions
were employed instead of a local equilibrium assumption.

We used the one dimensional advection-dispersion equation to
formulate the transport of arsenic in the sediment columns
(Lapidus and Amundson, 1952):

q
vC
vt

þ r
vS
vt

¼ qD
v2C

v2x
� v

vC
vx

(1)

where, q indicates the porosity of sand columns (dimensionless), r
is the sediment bulk density (g/cm3), C represents solute concen-
tration (mg/L), S indicates the total sorbed concentration (mg/kg), D
is the hydrodynamic dispersion coefficient (cm2/hour), v represents
the PWV (cm/hour), which is Darcy’s velocity divided by q and x is
the length of column (cm) (Table 1) .

The equations for a two-phase reversible non-linear kinetic
model with adsorption (forward) and desorption (reverse) rate
constants are:
r
vS1
vt

¼ qk1C
n � rk2S1 (2)

r
vS2
vt

¼ qk3C
n � rk4S2 (3)

S¼ S1 þ S2 (4)

where, the parameters k1 and k3 are the forward rate constant
(hr�1), k2 and k4 are the reverse rate constants (hr�1), and n is the
reaction order which is also a measure of variability in sorption
sites in terms of arsenic retention (Zhang and Selim, 2005; Selim,
2014). The sorbed phase S1 is assumed to react rapidly with the
dissolved concentration C whereas sorbed phase S2 is assumed to
react slowly with C. The single-phase model assumes S2 ¼ 0 mg/kg.
The numerical transport models were simulated using a Gaussian
elimination method (Carnahan et al., 1969; Selim, 2014).

The two-phase model assumes: (a) any initial release of As is
due to desorption from an initial, rapidly exchanged pool of sorbed
As; (b) the pool of total sorbed As (S) in the sediment is comprised
of two components: the first phase (S1) is the fast reacting phos-
phate extractable As and the second phase (S2) is a slow reacting
phase, which is the difference between the bulk sediment As
concentration (S) and S1. The adsorbed pools of As in S1 and S2 are
estimated based on total As and laboratory phosphate extractions
(Table 2). For a single solid phase, the initial sorbed concentrations
were adjusted while keeping the same k1 and k2 (associated with
S1) used in the two-phase model (Table S1).
3. Results

3.1. Sediment properties

Bulk As concentrations measured by XRF in the gray Holocene
sediment ranged between 1 and 4 mg/kg (n ¼ 7) (Table 2). Bulk As
concentrations in the Pleistocene orange sediment ranged from 1.8
to 3.0 mg/kg (n ¼ 7). In gray sand, iron (Fe) and calcium (Ca) con-
centrations averaged 1.5% and 6.9 g/kg, respectively. Overall, the
orange sediment contained a higher concentration of Fe (2.5%) and
a lower concentration of Ca (4.4 g/kg) than gray sediment.

The difference in reflectance (DR ¼ 530 nme520 nm) averaged
0.22 (n ¼ 11) for gray sands, which corresponds to about 80% Fe(II)
in the hot-acid leachable fraction of Fe(II þ III) oxides in the sedi-
ment. The DR for the orange sands averaged 1.1 (n ¼ 10), which
indicates the absence of detectable Fe(II) in the fraction of hot-acid
leachable Fe oxides.

The average proportions of Fe(II) measured by XAS analysis in
freshly collected gray and orange sediments were 82 ± 6% and
8 ± 3% (n ¼ 2), respectively. The most abundant Fe mineral classes
in the gray sediment were Fe silicates (20 ± 3% biotite and 57 ± 4%
Fe(II/III) silicates), with small and variable proportion of goethite,
siderite, and little if any reactive Fe oxides (Table 3). In contrast, the
orange sediments were primarily composed of reactive Fe oxides
(65 ± 6%), and small quantities of goethite, nontronite and Fe(II/III)
silicates.

Phosphate extractations were used to differentiate labile and
nonlabile As pools. The gray sediment contains an average of about
3 mg/kg of total As, and about half (50%) of that is P-extractable
(Table 2). The orange sediment also contains an average of about
2 mg/kg of As, but only about 15% is P-extractable. Therefore, on an
average, the gray sediment contains five times more P-extractable
As than orange sediment.



Table 3
Linear combination fitting results (%) of Fe EXAFS spectra for pristine orange and gray sediment cores.

Core depth goethite nontronite Fe(II/III) silicates hematite ferrihydrite pyrite biotite siderite hornblende magnetite

Pleistocene orange sediments
13.5 m e 20.4 ± 4.6 e e 65.6 ± 2.4 1.3 ± 0.9 e 7.4 ± 1.7 e e

15 m 12.8 ± 0 e 6.5 ± 4.3 e 63.8 ± 8.9 e e e e e

Holocene gray sediments
12.8 m e e 44.8 ± 5.1 e e 2.5 ± 1.7 26.7 ± 4.1 6.2 ± 3.6 e e

15.5 m 17 ± 0 e 69.1 ± 2.7 e e e 13.9 ± 2.3 e e e

Note: Linear combination fittings were performed using five reference compounds, which means ‘-‘ in the table does not necessarily indicate that the mineral is absent in the
column sample. Augite is the spectral component used as representative of Fe(II/III) silicates.
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3.2. Influent groundwater composition

The source groundwater selected to elute the sediment columns
was consistently high in dissolved As (320 ± 11 mg/L) and Fe
(7 ± 0.4 mg/L) over the course of the experiment (Fig. S2a-b and e).
The water contained moderately high levels of manganese (3 mg/L
Mn), phosphate (1.5 mg/L as P), sulfate (3 mg/L as SO4eS), and bi-
carbonate (104 mg/L as DIC) (Figs. S1e-g and S2c-d, f). There was no
detectable dissolved oxygen in the groundwater (DO kit reading of
0 ppb), the ORP readings remained negative (�105 to �134 mV),
and the pHwas consistent at 7.0 ± 0.1 throughout the experimental
period (Fig. S2i-j). The composition of groundwater remained un-
altered in the overflowing storage bag. Arsenic was present mainly
as As(III) (>90%) in groundwater collected from the well and the
storage bag (n ¼ 8 each) (Fig S2e). The dissolved organic carbon
(DOC) concentration in the input groundwater was about 3 mg/L.
Fig. 3. Arsenic (aec), iron (def), sulfur (gei), and phosphorus (jel) in the effluent of o
plotted as a function of pore volume at a pore-water velocity (PWV) of 156 cm/day (top pan
Input groundwater concentrations of each analyte are indicated by the gray dashed line in ea
vertical axes of Fig. 4 are maintained for the ease of comparison.
3.3. Initial effluent data for As and other redox-sensitive parameters

3.3.1. Pleistocene orange sediment columns
Concentrations of As remained below 10 mg/L in the effluent for

about 40 pore volumes (PV) in the two orange sand columns eluted
at a pore water velocity (PWV) of about 80 cm/day (Fig. 3b), but
only for 10 PV at PWVs of 156 cm/day and 40 cm/day (Fig. 3a and c).
Initial breakthrough of As (50% of the input concentration of
320 mg/L) was observed after about 50 PV at a PWV of 156 cm/day
and after 70 PV in a columnwith a PWV of 80 cm/day. Breakthrough
of As did not quite reach 50% in the 40 cm/day PWV column. In all
columns, Fe concentrations in the effluent remained below 1 mg/L
despite a high input of 7 mg/L of Fe (Fig. 3def). In contrast, S levels
in the effluent started immediately about 20% above the influent
concentration of 3 mg/L and dropped to 50% of the input (1.5 mg/L)
after about 100 PV at 156 cm/day PWV, after 70 PV at 80 cm/day
range Pleistocene sediment columns. Arsenic and other redox-sensitive parameters
els, n ¼ 1), 81.6 cm/day (middle panels, n ¼ 2), and 40 cm/day (bottom panels, n ¼ 1).
ch plot. The gray dotted line (a-c) indicates 50% of the input As concentration. The same
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PWV, and after only 20 PV at a PWV of 40 cm/day (Fig. 3gei). The
inflow contained 1.5 mg/L P, most of which was retained in orange
sand columns for the entire experiment (Fig. 3j-l).
3.3.2. Holocene gray sediment columns
Concentrations of As in the first 50 PV of effluent from the gray

columns were consistently higher than for the orange columns and
varied between 10 and 200 mg/L (Fig. 4aec). For the 4 fast flow
columns at a PWV of 150e230 cm/day, As concentrations gradually
increased to reach the inflow concentration of 320 mg/L at about
60e70 PV and up to about 500 mg/L at about 80 PV (Fig. 4a and c).
For 1 out of the 2 slow-flow gray sand columns eluted at a PWV of
72 cm/day, effluent As concentrations reached the influent level at
about 40 PV, while both slow-flow columns reached the initial
breakthrough at about 30 PV (Fig. 4b). In contrast to the orange
columns, concentrations of Fe in the effluent reached inflow con-
centration of 7 mg/L after 70 and 30 PV in the fast- and slow-flow
columns of gray sand, respectively (Fig. 4dee). About 10e20 PV
later, concentration of Fe in effluent from the gray sediment col-
umns reached 15e20 mg/L. As in the case of the orange sand col-
umns, concentrations of S in effluent from the gray sand columns
started immediately at 3.5 mg/L, somewhat higher than the inflow,
and dropped below 50% of the input after 70 PV and at 30 PV for the
fast- and slow-flow columns of gray sand, respectively (Fig. 4g and
h). Unlike the orange sediment columns, concentrations of P in
effluent from the gray sediment columns gradually rose for both
the fast-flow and the slow-flow columns (Fig. 4j-l).
Fig. 4. Arsenic (aec), iron (def), sulfur (gei), and phosphorus (jel) in the effluent of gray
a function of pore volume at a PWV of 154 cm/day (top panels, n ¼ 3), 72 cm/day (middle pa
of each analyte are indicated by the gray dashed line in each plot. The gray dotted line (a
comparable to that of Fig. 3.
3.3.3. Pure sand column
Arsenic and iron concentrations in effluent from the pure sand

column reached levels of the inflow within about 10 PV and then
showed fluctuations around an average that is slightly below that of
the input (Fig. 5a and b). Concentration of P in the effluent took
about 60 PV to reach about two-thirds of the inflow concentration
(Fig. 5d). As in the case of orange and gray columns (Figs. 3gei and
4g-i), concentrations of S started a little above concentration in the
inflow and then declined steadily to <0.5 mg/L at about 100 PV
(Fig. 5c).

3.4. Effluent data from the later phase of the experiment

The later phases of the experiment were affected by the redox
chemistry of Fe and S, in most cases well after As breakthrough
(Figs. S4 and S5). The changes in Fe and S concentrations during the
experiments were distinct from the breakthrough curves and
showed both transient pulses in Fe and a rapid decline in effluent S
concentrations (Figs. S4d-i and S5d-i). Iron concentrations were
generally low and only increased above 1 mg/L after about 150 PV
in the orange sand columns (Fig. S4d and e). Sulfur concentrations
in the effluent dropped to <0.5 mg/L in both orange and gray
sediment columns, primarily after the initial breakthrough of As
took place. Following the precipitous drop, S in the effluent briefly
rose above 0.5 mg/L in the orange sand columns, but only after
150 PV at 156 or 80 PWV and after 50 PV at 80 PWV (Fig. S4gei).
The later effluent data also showedmultiple breakthroughs of As in
both gray and orange sand columns (Figs. S4aeb and S5a-b). The
Holocene sediment columns. Arsenic and other redox-sensitive parameters plotted as
nels, n ¼ 2), and 230 cm/day (bottom panels, n ¼ 1). Input groundwater concentrations
-c) indicates 50% of the input As concentration. The PWV of the top two panels are



Fig. 5. Concentrations of arsenic (a), iron (b), sulfur (c) and phosphorus (d) in the pure sand column plotted as a function of pore volume. Input groundwater concentrations of each
analyte are indicated by the gray dashed line in each plot. The gray dotted line (a-c) indicates 50% of the input As concentration.
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present study focuses on the early As breakthrough rather than the
subsequent changes in effluent chemistry.

4. Discussion

4.1. Transport of arsenic and other redox-sensitive parameters

Typical breakthrough curves for reactive (non-conservative) ion
transport through sediments typically show strong retention until
the mineral phases are saturated with ions, and then rapid and
complete breakthrough (Selim, 2014). Arsenic transport in the
present experiments was more complex, with early and partial
breakthrough, and effluent As levels that did not stabilize
(Figs. 3aec and 4a-c). Despite these differences, several common
features were observed in most columns.

There are multiple pools of As in gray and orange sands, and
desorption from the more weakly retained pool by phosphate ap-
pears to enhance elution. In gray columns, inwhich about half of As
was found in this phosphate-extractable pool (Table 2), the data
suggest that this As pool is efficiently released into the effluent
from the onset of the experiment (Fig. 4aec). There was also a
short-lived pulse of As released into solution when four-times
higher than the input phosphate level was added to groundwater
(Figs. S2d and S7), suggesting the rise of effluent As beyond the
input level could also be attributed to competitive desorption by
phosphate. The mechanism can also be described as a “snow-
plough effect” where an incoming solution with a high solute
concentration displaces resident cations from the exchange sites
(Barry et al., 1983).

In orange sediments, the labile pool is much smaller and As is to
a large extent retained during the early stages of transport
(Fig. 3aec). The breakthrough of As after the initial release phase in
the gray sediment columns is more rapid than that in orange
sediment columns, indicating a pool of As in orange sand becomes
irreversibly adsorbed over time. A rapid early rise in As concen-
trations followed by a slower approach to equilibrium is consistent
with previous experiments conducted with orange sand (Radloff
et al., 2011). A possible alternative explanation is that gray sedi-
ments may have less effectively sorbed As than orange sediments
under the experimental conditions.

In most of the columns, the initial breakthrough of As occurred
within 30e70 PV, depending on the flow rate (Figs. 3aeb and
4aec). The differences in As breakthrough as a function of PWV
indicates that adsorption is kinetically limited under the range of
experimental conditions (Darland and Inskeep, 1997). Due to ki-
netic limitation, the breakthrough of As takes place earlier at fast
PWV as a function of time, while slower flow allows for increased
reaction times, increased adsorption, and delayed (or partial)
breakthrough. Given kinetic limitation, As transport is more
consistent between columns when plotted as a function of time
rather than pore volume (Fig. 6). Kinetic limitation was also re-
flected in other redox-sensitive parameters. Sulfur, in particular,
was consumed in the effluent earlier at slower PWV (Figs. 3gei and
4g-i), but at around the same time when plotted as a function of
time.

The initial effluent data show that As transport was affected
primarily by adsorption and desorption, which is consistent with
the conclusion of previous studies (e.g. Stollenwerk et al., 2007).
Changes in Fe and S redox status were observed mostly during the
later phases of the experiment, when they affected both As speci-
ation and Fe mineralogy (Figs. S4 and S5). The delay in redox
transformation can be attributed to lag phase microbial growth,
which is widespread and occurs during the time microbes adapt to
changing groundwater conditions. For example, a metabolic time
lag of up to 20 days was observed between acetate addition and the
onset of S-reduction at the Uranium Mill Tailings Site in Colorado
(Druhan et al., 2012), indicating prolonged suppression of S-
reducing bacterial activity. Similarly, experimental data in our
columns indicate a significant lag-time of about 100e120 h in the
build-up of S-reducing bacteria prior to the onset of any noticeable
S-reduction. We conclude that S-reduction affected the transport
properties of As sorption only after S was removed from column
effluents.

The extent of Fe reduction in these columns was evidently
limited by the availability of reactive DOC. Assuming 1 mol of DOC
is required to reduce 4 mol of Fe(III) to 4 mol of Fe(II) (Postma et al.,
2007), 3 mg/L of entirely reactive DOC supplied could have reduced
80% of the entire volume of the orange sand to gray after three
weeks of flow period based on a simple stoichiometric calculation
(Mihajlov et al., 2020; Mozumder et al., 2020). Visual inspection of
sediment color, however, did not reveal such a dramatic change in
the redox state of Fe, suggesting little As was released due Fe
reductive compared to the high concentration of 320 mg/L As in the
inflow water.

Unlike As, both Fe and P were more effectively sequestered onto
the orange sand than in gray sand (Figs. 3def, j-l and 4def, j-l). The
average bulk Fe content in the orange sediment columns (2.4%) is
about 1% higher than that in gray sand columns (1.5%). The pro-
portion of Fe(III) in orange sand is almost one order of magnitude
higher than that in gray sand. The data suggest sequestration of P
and Fe(II) was enhanced in orange sands containing a higher pro-
portion of Fe(III) minerals.

4.2. Modeling arsenic transport

A direct comparison of As transport in gray and orange sedi-
ments is possible by comparing the early stage elution of As from
columns. Adsorption and desorption of As was the predominant



Fig. 6. Modeled effluent As over time. Concentrations of As in the effluent (C) relative to the inflow concentration (C0) for the six scenarios listed in Table S1 are shown by dashed
lines color-coded according to three PWV (Table 1). (a) 2-phase model for orange sands, (b) 2-phase model for gray sands, (c) single-phase model for orange sands, (d) single-phase
model for gray sands, (e) single-phase model with the same rate constants used for orange and gray sands, and (e) single-phase model for gray sands at different initial solid phase
As concentrations.
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process during this interval, and As breakthrough was observed in
many columns (Figs. 3aeb and 4a-c). Later in the experiment, redox
transformations became more important and likely affected As
partitioning. It is difficult to separate adsorption-desorption pro-
cesses from redox processes using a simple model. For this reason,
our modeling effort is focused here on the first 3e5 days of As data
that were largely unaffected by redox-processes.

In order to simulate the observations, an average input As con-
centration of 320 mg/L, porosity of 0.32, bulk density of 1.80 g/cm3,
and a reaction order of 0.4 (a fitting parameter) were used. The
variable transport parameters were the measured flow velocities,
corresponding dispersion coefficient, initial sorbed phase As
concentrations, and associated forward (k1, k3) and reverse (k2, k4)
rate constants. For the two-phase fully reversible kinetic model, the
initial sorbed phases, S1 and S2 for the gray sandwere 1.5 and 1.5mg/
kg (S ¼ 3 mg/kg), respectively, whereas for the orange sand they
were 0.3 and 1.7 mg/kg (S ¼ 2 mg/kg), respectively (Table S1). The
adjusted initial sorbed As concentration for the single-phase kinetic
model were 2 and 0.5 mg/kg for the gray and orange sediment col-
umns, respectively.

For the two-phase transport model, one single set of rate con-
stants was used for all gray sediment columns and another single
set for all orange sediment columns, irrespective of PWV (Fig. 6a
and b). The forward and reverse rate constants determined for the
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gray sediment columns associated with S1 are 6 h�1 (k1) and 0.17
h�1 (k2), and for S2 are 0.01 h�1 (k3) and 0.008 h�1 (k4), respectively.
The two-phase model reproduced effluent concentrations with an
initial release (starting at C/C0 ¼ 0.1) as well as exceedance (C/
C0 ¼ 1.1) above the influent level in gray sediments. A single solid
phase model (k1 ¼ 6 h�1 and k2 ¼ 0.17 h�1) can also predict As
breakthrough with an initial release, but fails to reproduce a higher
concentration than that in the inflow; i.e. C/C0 > 1 (Fig. 6d). The
initial release of As is a function of the amount of weakly retained
pool of sorbed As that is susceptible to desorption (Fig. 6f).

With the two-phase model, the forward and reverse rate con-
stants determined for the orange sand columns for S1 are 2 h�1 (k1)
and 0.057 h�1 (k2) and for S2 are 0.01 h�1 (k3) and 0.008 h�1 (k4)
(Fig. 6a). The rate constants associated with the fast reacting phase
(S1) are three fold smaller than that in gray sand. The rates asso-
ciated with the slow reacting phase (S2) are the same derived for
gray sand (k3 ¼ 0.01 h�1 and k4 ¼ 0.008 h�1). Because S1 is 5 times
smaller than that in gray sand (0.3 compared to 1.5 mg/kg), the
initial release of As is insignificant (Fig. 6a and c). A single-phase
model (k1 ¼ 2 h�1 and k2 ¼ 0.07 h�1) can also be used to
adequately describe the breakthrough of As in orange sediment
columns (Fig. 6c).

Due to a higher fraction of weakly bound As in the gray sand
columns, larger rate constants were needed to predict As break-
through. If we ignore the initial As release and overshoot (C/C0 > 1)
portion of the effluent data and focus on the main breakthrough,
the same set of rate constants used for orange sand (k1 ¼ 2 h�1 and
k2 ¼ 0.07 h�1) could also be applied for gray sand (e.g. Fig. 6e). The
shallow groundwater is generally low in P in the area and ideally
will not desorb As at the rate we observed in these experimental
columns. The smaller set of rate constants are comparable to the
sorption and desorption coefficients determined for arsenite in
earlier studies (Elkhatib et al., 1984a, b; Barrachina et al., 1996).
4.3. Retardation of arsenic

The apparent retention of As in the experimental columns can
be determined from the ratio of forward and reverse rate constants
(k1/k2 z 30 to 35). The As retention factor or retardation factor is
the ratio of the adsorbed pool that is retained within the solid
matrix to the much smaller desorbed pool that goes into the so-
lution. The transport of As in Bangladesh groundwater, therefore,
appears to be retarded by a factor of 30e35 relative to the flow of
groundwater by both gray and orange sediments. This is surprising
but not inconsistent with recent findings from batch adsorption
experiments conducted under carefully controlled conditions (Thi
Hoa Mai et al., 2014).

A retardation factor (Rf) of 30e35 corresponds to a KD of about
5e6 L/kg according to the following equations, assuming a sedi-
ment bulk density of 1.8 g/cm3 and porosity of 0.32:

Rf ¼ 1þ r

q
KD (5)

KD ¼
q �

�
Rf � 1

�

r
(6)

The estimated KD of about 5e6 L/kg is similar to low-range
partition coefficients determined with batch equilibrium experi-
ments for Holocene gray sediments in Bangladesh (van Geen et al.,
2008) and mid-range estimates from field observations for Pleis-
tocene sands that were reduced over time in West Bengal, India
(McArthur et al., 2008, 2011) and near Hanoi in Vietnam (van Geen
et al., 2013).
4.4. Vulnerability of low-arsenic aquifers to pumping

An earlier As breakthrough at accelerated flow rates in the
experimental columns (Fig. 6) suggest sedimentary aquifers of
Bangladesh that are perturbed by pumping are more vulnerable to
As contamination, irrespective of the redox status and age of
aquifer sediment. Irrigation pumping for growing rice largely im-
pacts the shallow groundwater flow system of Bangladesh (Harvey
et al., 2002; van Geen et al., 2008) whereas municipal pumping has
significantly altered the deeper flow-systems over the past two
decades (Michael and Voss, 2008; Knappett et al., 2016; Khan et al.,
2016; Mozumder et al., 2020; Mihajlov et al., 2020). These pertur-
bations are likely to reduce As retardation over time and accelerate
the spread of As in adversely As-affected rural areas.

At our study site in Araihazar, Bangladesh, a groundwater flow
model constrained with hydraulic head measurements has shown
that shallow groundwater (<30 m) can penetrate the intermediate
(>40e90 m) low-As aquifers within 7e83 years after recharge
(Mozumder et al., 2020). The simulations are consistent with the
age of groundwater (11e69 years) measured at 14 monitoring
wells, screened between 50 and 70 m, on the basis of tritium/he-
lium (3H/3He) dating technique (Stute et al., 2007). No systematic
correlation between high (low) As and detectable (undetectable)
3H in the intermediate aquifer indicated instead a different source
of As than that from the shallow aquifer. Assuming shallow
groundwater As is retarded by a factor of 30, as determined in the
present study, the intermediate wells are protected against the
downward migration of As in the area for ~1000 years (average
groundwater age of 35 years multiplied by 30). This is important
because over the past decade, the number of privately installed
intermediate wells’ tapping the low-As Pleistocene aquifer has
quadrupled in the study area and probably elsewhere in
Bangladesh (Mozumder et al., 2020).

If adsorption provides significant protection against the down-
wardmigration of As, deepwells that are low in As (<10 mg/L) today
will remain low in As formany decades. Indeed,more than a decade
(2002e2015) of monitoring of a dozen deep community wells (CW-
2, 5, 7, 34, 36, 41e43, 45e48) installed between 90 and 170 m in
Araihazar indicates stable groundwater As concentrations of <1 to
<10 mg/L. This appears to be the case in South-Central Bangladesh
where 13 years of continuous monitoring data in a total of 46 deep
wells (>150 m deep) revealed a relatively stable groundwater
composition (Ravenscroft et al., 2013).

The results do not mean As concentrations in deep aquifers of
Bangladesh will remain low everywhere. Nine out of 927 deep
wells (>90 m deep) tested during a blanket survey in 2012e13 in
the study areawere elevated (>50 mg/L) in As (van Geen et al., 2014;
Choudhury et al., 2016). Intermediate aquifers affected by pumping
appear to be especially vulnerable to As contamination and should
therefore be monitored more frequently (Mihajlov et al., 2020;
Mozumder et al., 2020).
5. Conclusions

� Field-based column experiments require some effort to set up
but allowed us to study the reactive transport of As through
sediment with fewer perturbations than most previous
experiments.

� During the initial period, As transport in the experimental col-
umns was primarily controlled by adsorption and desorption,
allowing us to determine a set of rate constants using a multi-
reaction transport model. The estimated apparent KD of
~5e6 L/kg suggests significant protection of low-As deep aqui-
fers against the intrusion of shallow high As groundwater.
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� Apparently because of a delay in microbial responses, the
reduction of S and Fe became important only during the later
phases of the experiment.
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